The postendocytic recycling of signaling receptors is subject to multiple requirements. Why this is so, considering that many other proteins can recycle without apparent requirements, is a fundamental question. Here we show that cells can leverage these requirements to switch the recycling of the beta-2 adrenergic receptor (B2AR), a prototypic signaling receptor, between sequencedependent and bulk recycling pathways, based on extracellular signals. This switch is determined by protein kinase A-mediated phosphorylation of B2AR on the cytoplasmic tail. The phosphorylation state of B2AR dictates its partitioning into spatially and functionally distinct endosomal microdomains mediating bulk and sequence-dependent recycling, and also regulates the rate of B2AR recycling and resensitization. Our results demonstrate that G protein-coupled receptor recycling is not always restricted to the sequence-dependent pathway, but may be reprogrammed as needed by physiological signals. Such flexible reprogramming might provide a versatile method for rapidly modulating cellular responses to extracellular signaling.
endosome | sorting | catecholamine receptor | endosomal tubule H ow proteins are sorted in the endocytic pathway is a fundamental question in cell biology. This is especially relevant for signaling receptors, given that relatively small changes in rates of receptor sorting into the recycling pathway can cause significant changes in surface receptors, and hence in cellular sensitivity (1) (2) (3) . Our knowledge of receptor signaling and trafficking comes mainly from studying examples such as the beta-2 adrenergic receptor (B2AR), a prototypical member of G proteincoupled receptor (GPCR) family, the largest family of signaling receptors (2) (3) (4) (5) . B2AR activation initiates surface receptor removal and transport to endosomes, causing cellular desensitization (6, 7) . The rate and extent of resensitization is then determined by B2AR surface recycling (1-3, 8, 9) .
Interestingly, the recycling of signaling receptors is functionally distinct from the recycling of constitutively cycling proteins like the transferrin receptor (TfR) (1, 6, 10, 11) . TfR recycles by "bulk" geometric sorting, largely independent of specific cytoplasmic sequences (12, 13) . B2AR recycling, in contrast, requires a specific PSD95-Dlg1-zo-1 domain (PDZ)-ligand sequence on its C-terminal tail, which links the receptor to the actin cytoskeleton (14, 15) . Recent work has identified physically and biochemically distinct microdomains on early endosomes that mediate B2AR recycling independent of TfR (14) (15) (16) . Although the exact mechanisms of B2AR sorting into these domains remain under investigation, this sorting clearly requires specific sequence elements on B2AR (1, 10, 11, 17) . Importantly, why signaling receptor sorting is subject to such specialized requirements, considering that cargo like TfR apparently can recycle without specific sequence requirements, is not clear (1, (12) (13) (14) (15) (16) . One possibility is that these requirements allow signaling pathways to regulate and redirect receptor trafficking between different pathways as needed (17) (18) (19) . Although this is an attractive idea, whether and how physiological signals regulate receptor sorting remain poorly understood (7, 19) .
Here we show that adrenergic signaling can switch B2AR recycling between the sequence-dependent and bulk recycling pathways. Adrenergic activation, via protein kinase A (PKA)-mediated B2AR phosphorylation on the cytoplasmic tail, restricts B2AR to spatially defined PDZ-and actin-dependent endosomal microdomains. Dephosphorylation of B2AR switches B2AR to the bulk (PDZ-independent) recycling pathway, causing faster recycling of B2AR and increased cellular sensitivity. Our results suggest that cells may leverage sequence requirements for rapid adaptive reprogramming of signaling receptor trafficking and cellular sensitivity.
Results
To test whether endosomal sorting of B2AR is regulated, we started with PKA signaling. Downstream activation of PKA has a homeostatic effect on B2AR delivery to the surface, making it a good candidate (20) . We first optimized a live-cell imaging assay to directly visualize and resolve B2AR endosomal sorting at the level of discrete events mediating B2AR recycling. HEK293 cells expressing tagged B2AR were generated, and cells expressing a moderate level (∼1-2 pmol/mg) were chosen, because this level of expression has been shown to preserve the signaling and trafficking characteristics of B2AR (14, 20) . When imaged under high-resolution confocal microscopy, fluorescently labeled B2AR was readily detected on the cell surface before activation (Fig. 1A) . On addition of the B2AR agonist isoproterenol (iso), receptors were rapidly internalized and redistributed to internal spherical membranes that have been characterized as early endosomes (10, 15, 16, 21) . Within these membranes, B2AR was concentrated in tubular domains (Fig.  1A) . Several observations indicate that these tubules represent specialized microdomains mediating B2AR recycling. First, these tubules pinched off and generated vesicles (Fig. 1B and Movie S1) that traveled to the cell surface (15) . Second, the tubules
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The recycling of many signaling receptors requires specific sequences on their C-terminal tail. Why is this so, when other proteins can use a "bulk" recycling pathway without apparent sequence requirements? Our results suggest that sequence requirements provide control points for cells to reprogram receptor recycling and cellular sensitivity. We show that the beta-2 adrenergic receptor (B2AR), a prototypical receptor, can switch between sequence-dependent and bulk recycling pathways based on adrenergic signaling through protein kinase A (PKA). This switch is driven by PKA-mediated direct phosphorylation of B2AR, which partitions between physically and functionally distinct endosomal microdomains based on its phosphorylation status. This partitioning modulates cellular sensitivity to adrenergic signaling and might help cells adapt to changes in extracellular environment.
were devoid of the delta opioid receptor, a nonrecycling GPCR (Fig. S1) . Third, the domains were spatially and biochemically distinct from bulk recycling domains (12, 15) . Imaging TfR as a marker for bulk recycling along with B2AR revealed TfR recycling via multiple tubules extruding from an endosome, consistent with geometric sorting (e.g., Fig. 2F ). The B2AR tubules represent a specific subset of these tubules marked by a highly localized actin cytoskeleton, a hallmark of B2AR recycling domains (15) (Fig. 1B) .
Importantly, the foregoing approach provided an assay for comparing rapid changes in B2AR sorting into these recycling domains in the same cells, thereby eliminating variability across cells. In cells exposed to iso for 5 min, inhibition of kinase by the addition of KT-5720 (KT), a PKA inhibitor, resulted in a significant increase in the mean number of B2AR tubules per endosome in the same set of cells (from 1.19 ± 0.03 to 1.51 ± 0.05; P = 6 × 10 ) within 1 min. To better characterize this effect, we binned endosomes based on the number of B2AR tubules in the same cells before and after the addition of KT. KT increased the proportion of endosomes in which B2AR was sorted into more than one tubule (Fig. 1D) . Furthermore, in an assay detecting surface fusion of recycling vesicles (20) , KT increased the number of B2AR recycling vesicles fusing with the surface (Fig. 3E) . Taken together, the data from these experiments indicate that signaling through PKA restricts the sorting of B2AR to a smaller number of endosomal recycling tubules.
We hypothesized that there are two potential modes by which PKA inhibition could increase the number of B2AR recycling tubules: by generating more actin-based recycling microdomains (15) , and by allowing access of B2AR to bulk recycling tubules. To test the first possibility, we directly visualized actin domains using coronin1C-GFP or LifeAct-RFP (22) . We found no increase in the number of actin microdomains per endosome after the addition of KT (P = 0.24 for % endosomes with more than one microdomain), indicating that PKA inhibition does not generate new actin microdomains (Fig. 1E ). This finding suggested the second possibility. To test this, we directly visualized B2AR and the actin cytoskeleton using multiple established markers for F-actin, including actin, coronin1C, cortactin, and LifeAct (22) (Fig. 1 B and F) . Before the addition of KT, B2AR was detected exclusively in tubules that colocalized with actin markers (15, 16) (Fig. 1B) . After the addition of KT, B2AR entered multiple tubules, many of which were devoid of actin ( Fig. 1F ), suggesting that PKA signaling ensured the sorting of B2AR into actin-dependent microdomains. Furthermore, the fact that KT pretreatment was not required suggests that this sorting is a dynamic process that responds to changes at physiologically relevant time scales.
We next attempted to identify the kinase target that regulates B2AR sorting. Interestingly, B2AR itself contains two cytoplasmic consensus PKA sites that are phosphorylated in response to an agonist (2, 23, 24) . One of these two sites, Ser-261/262, located in the third cytoplasmic loop, is not involved in endocytic trafficking (24) (25) (26) (27) ; thus, we focused on Ser-345/346 in the cytoplasmic tail, which has been implicated in surface delivery of B2AR (20) . We first detected iso-induced B2AR phosphorylation at this site, using a phospho-specific Ser346 antibody. Before iso, when B2AR (detected by anti-FLAG) was on the membrane, only minimal phospho-S346 B2AR (pB2AR) was present ( Fig.  2A , Upper). At 10 min after iso, a strong pB2AR signal was detected on the endosomes marked by anti-FLAG ( Fig. 2A, Lower) . The ratios of pB2AR to FLAG (uncorrected values without background subtraction) from multiple endosomes showed significantly decreased pB2AR fluorescence on cotreatment with KT or the competitive PKA inhibitor Rp-cAMPS compared with the DMSO control (Fig. 2B) .
As a control for phosphorylation, and to test the function of these residues, we mutated Ser-345 and 346 to alanines (B2ARS>A). The decrease on PKA inhibition was comparable to that seen in B2ARS>A (Fig. 2B ). To directly test whether PKA could phosphorylate serine 346 of B2AR, we generated GST-fusion proteins containing aa 320-413 of B2AR and a corresponding S > A version. When these were incubated with purified PKA, the B2AR tail, but not the B2ARS>A tail, was phosphorylated (Fig. 2C ). Taken together, these results indicate that PKA was required and sufficient for iso-mediated B2AR phosphorylation.
We next imaged the endosomal sorting of the nonphosphorylatable receptor B2ARS>A. Strikingly, this mutant was sorted into a significantly higher number of tubules per endosome compared with WT B2AR (1.4 ± 0.05 vs. 0.91 ± 0.04; P = 9 × 10 −10 ) in paired sets of experiments performed on the same days under the same conditions. A significant fraction (41.4 ± 3%) of endosomes showed more than one tubule containing B2ARS>A. In comparison, WT B2AR was sorted mostly into one tubule per endosome, with only 14.5 ± 2% of endosomes showing more than one B2AR tubule (Fig. 2D) . This increase was comparable to that seen with KT described above, suggesting sorting of the B2ARS>A into bulk recycling tubules. Three additional observations support this interpretation. First, B2AR S > A entered tubules devoid of cortactin, which marks B2AR recycling tubules, but not bulk recycling tubules (Fig. 2E and Movie S2). Second, B2ARS>A showed higher colocalization with TfR tubules on the endosome compared with WT B2AR (Fig. 2F and Movie S3). Third, the entry of B2ARS>A into endosomal tubules was independent of actin, with no significant increase in endosomes lacking B2ARS>A tubules after actin depolymerization by latrunculin-A (lat-A; Fig. 2G ). In addition, there was no decrease in endosomes with multiple B2ARS>A tubules after lat-A. In contrast, the fraction of endosomes with B2AR tubules decreased significantly after lat-A (Fig. 2G) , as expected for actin-dependent B2AR recycling.
One proposed role of endosomal actin is to stabilize sequencedependent recycling tubules, to allow for kinetic sorting of B2AR (15) . This function depends on a key property of B2AR-its mobility on the endosome is slower than that of bulk recycling proteins like TfR, which prevents its access to the transient bulk recycling tubules not stabilized by actin. We directly tested whether B2AR phosphorylation changed its mobility by comparing B2AR and B2ARS>A using the fluorescence recovery after photobleaching (FRAP) technique. When a small part of the endosomal membrane was bleached, we found recovery of receptor fluorescence in the bleached region and decreased receptor fluorescence in nonbleached regions, consistent with receptor movement into the bleached area ( Fig. 2H and Movie S4). When recovery rates were quantitated across multiple experiments, B2ARS>A recovered much faster than B2AR. Singlephase exponential fits showed a t 1/2 of ∼6 s for B2ARS>A recovery, compared with t 1/2 = 26.9 s for B2AR recovery (Fig. 2I) . These experiments suggest that PKA phosphorylation of B2AR ensures accurate kinetic sorting of B2AR into sequence-dependent recycling tubules and prevents missorting of B2AR into bulk recycling tubules.
To test whether the foregoing effect changes B2AR surface recycling, we directly visualized the rate of B2AR delivery to the cell surface at the level of individual events that mediate recycling. To do this, we tagged the N-terminal domain of B2AR with a pH-sensitive GFP (SpH), which is fluorescent when exposed to neutral extracellular medium but quenched in the acidic environment of intracellular vesicles and endosomes (28) . To obtain better signal-to-noise ratios and detect individual fusion events, we imaged receptor dynamics at the surface using total internal reflection fluorescence microscopy (TIR-FM). SpH-B2AR clustered and internalized rapidly in response to agonist (Fig. 3A) , as described previously (20, 29) . After 5 min, serial acquisition of images at 10-30 frames per second (fps) revealed transient bursts of SpH-B2AR fluorescence in the plasma membrane (Fig. 3A) , denoting fusion of vesicles from the rapid B2AR recycling pathway (Movie S5) (20) . Maximum fluorescence traces showed a transient spike followed by an exponential drop within a few hundred milliseconds, whereas integrated intensity in the region increased over a sustained period, consistent with an increased local pool of receptors on the surface (Fig. 3B and Fig.  S2 ). Fluorescence traces from the same region confirmed that the profiles of these events were rapid and distinct from those of endocytic clusters (Fig. 3B) . Quantitation of multiple events showed a rapid spike in fluorescence and a sustained increase in fluorescence (Fig. S2) , as would be expected for recycling events delivering receptors to the cell surface (20) .
To test whether PKA regulated B2AR insertion, we imaged iso-treated cells for 1 min as above, applied KT for 5 min, and reimaged for another 1 min (Fig. 3C) . This allowed us to monitor the changes induced by PKA signaling in the same cells without cell-to-cell variability. PKA inhibition increased the number of recycling events observed over a unit time period (Fig. 3D ). This increase was not seen for B2ARS>A, confirming B2AR as the target of PKA (Fig. 3E) . Consistent with restriction of B2AR recycling to the actin-mediated recycling pathway, lat-A significantly reduced the rate of B2AR recycling. Importantly, however, actin depolymerization had no effect on the rate of B2ARS>A recycling (Movie S6), much like TfR (Fig. 3F) . Together with Fig. 2G , these results indicate that surface recycling of B2ARS>A is independent of actin. The actin-independence of B2ARS>A suggests that PKAmediated phosphorylation is required to restrict B2AR to the sequence-dependent recycling pathway. A key prediction of this model is that the B2ARS>A would recycle independent of the PDZ ligand sequence. To test this prediction, we generated a double mutant (B2ARalaS > A) in which both the PKA phosphorylation sites and the PDZ ligand are mutated and compared its recycling to a mutant in which just the PDZ ligand is disrupted (B2ARala). Strikingly, B2ARalaS > A recycled robustly, comparable to the WT B2AR, in contrast to the poorly recycling B2ARala (Fig. 3G and Fig. S3A ). Further, B2ARalaS > A readily entered endosomal tubues that were devoid of actin ( Fig. 3 H and I) , suggesting that the S > A mutation rescues recycling of the B2ARala by allowing entry into bulk recycling tubules. Interestingly, the net recycling of this mutant was comparable to that of B2AR, because it lacks a PDZ ligand and is not concentrated in endosomal tubules (Fig. S3 B-D) . Taken together, our results indicate that PKA-mediated phosphorylation restricts B2AR recycling to the PDZ-dependent recycling pathway and support a two-step hierarchical model for B2AR endosomal sorting, as discussed below (Fig. S4) .
What is the significance of restricting B2AR recycling to the PDZ-dependent pathway? To explore this question, we first measured the effect of B2AR phosphorylation on total surface receptor levels. Because SpH is fluorescent only when exposed to the extracellular surface and not in the interior of endosomes (20), we monitored ensemble SpH-B2AR fluorescence in live cells over time. This provided a highly time-resolved assay for measuring surface B2AR in the same set of cells in response to agonist and washout (Fig. 4A) . Iso induced an exponential decrease in surface B2AR fluorescence, as predicted with agonistmediated B2AR internalization (Fig. 4B) . The levels reached a plateau after ∼10 min, indicating equilibration of internalization and recycling and steady-state partitioning of receptors between endosomes and the surface (Movie S7) (30, 31) . Inhibition of PKA at this stage by the addition of KT led to an increase in B2AR fluorescence, indicating increased surface B2AR (Fig. 4B) . Given that PKA inhibition has no effect on B2AR internalization (24) (25) (26) (27) 32) , this increase in surface B2AR on PKA inhibition likely reflects an increase in B2AR recycling rates from steady state (Fig. 3D) .
To determine the functional effect of this change in recycling to adrenergic signaling, we measured the rate of resensitization of cells to adrenergic signaling through detection of cAMP levels in living cells in response to adrenergic stimulation, using a luciferase-based reporter. Cells expressing B2AR or B2ARS>A were exposed to iso for 15 min to allow for steady-state partitioning (30, 31) and signaling. Agonist was then washed out for 5 min to allow for receptor recycling to the surface. The rate of resensitization, which depends on the receptors recycled during this period (18) , was determined as the increase in cAMP levels in response to a second challenge with iso. In contrast to the cells expressing B2AR, which recovered to only ∼46% of the initial signal, B2ARS>A recovered to ∼83% over the same time frame (Fig. 4 C and D) . Furthermore, in contrast to WT B2AR, cAMP levels in B2ARS>A-expressing cells did not decrease significantly in response to persistent adrenergic signaling, suggesting increased recycling at steady state (Fig. 4) . Taken together, the results of these experiments indicate that PKA regulates the rate of resensitization of cells to adrenergic signaling by controlling the rate of B2AR recycling. 
Discussion
How proteins are sorted in the endosome into functionally distinct pathways is a fundamental question in cell biology. This study demonstrates that a single cargo molecule can be sorted into biochemically, functionally, and physically distinct pathways in the endosome based on specific modifications, providing key support for a hierarchical model for endosomal sorting (Fig. S4) . As an initial sorting step, restricted cargo mobility on the endosome, combined with the rapid formation and fission of bulk recycling tubules, acts as a "kinetic" retention mechanism for keeping cargo out of the bulk pathway. For B2AR, PKAmediated phosphorylation of B2AR at Ser-345/346 is responsible for this retention (Fig. 2I) , and absence of this phosphorylation makes B2AR recycling independent of its recycling sequence (Fig. 3 G-I) . A downstream sorting step, based on affinity interactions of sequence elements (e.g., a PDZ domain), then sorts cargo into physically distinct domains that mediate sequence-dependent recycling or degradation (17) .
Our results also suggest a physiological basis for why B2AR recycling is subject to multiple requirements, even though other proteins apparently can recycle without specific requirements (12, 13) . PKA-mediated phosphorylation of B2AR on Ser-345/ 346 in response to adrenergic signaling (2, 23, 24) (Fig. 2 A-C) regulates the first sorting step (Fig. S4 and Fig. 4F ). The second step might be regulated by GPCR kinase (GRK)-mediated phosphorylation of Ser-411, a residue in the PDZ ligand that is required for B2AR recycling (11, 33) . Because the rate and requirements of recycling through these pathways are distinct (Figs. 3G and 4B) (1, 15, 20) , these multiple requirements potentially provide control points for cells to modulate the rate of resensitization to adrenergic signaling (Fig. 4 C-E) .
Both of the foregoing downstream phosphorylation steps provide homeostatic negative feedback to adrenergic signaling, by keeping receptors out of the bulk recycling pathway (PKA) or by slowing sequence-dependent recycling by impairing PDZ interactions (GRK) (11) . This action is relevant during persistent sympathetic activation, such as in the heart, where rapid B2AR recycling might be disadvantageous for normal signal attenuation (Fig. 4E) . In acute activation, such as in neurotransmitter signaling, a rapid decrease in agonist triggers bulk recycling and quick recovery of sensitization. Thus, such combinatorial phosphorylation can ensure a normal signaling profile by rapidly reprogramming the trafficking itinerary of B2AR in different physiological settings.
Interestingly, recent evidence suggests that B2AR, in addition to early signaling at the cell surface, can initiate a second wave of G protein signaling from the endosome (34) . Considered together with our findings in the present study, this suggests the exciting possibility that signaling-mediated sorting of GPCRs into fate-specific endosomal microdomains, in addition to changing trafficking rates, also might direct receptors to specific signaling complexes that are spatially segregated and activated on the endosome. In this case, PKA phosphorylation of B2AR not only might change the rate and extent of signaling, but also might generate different signatures of downstream signals depending on the complexes localized to these domains.
Such kinase-mediated switching of receptor sorting might represent a general principle for the rapid plasticity of signaling pathways. Members of the GPCR family are heavily phosphorylated by multiple kinases, including PKA and GRKs, and PDZdependent recycling has been recognized by several groups working with various GPCRs (3, 35) . Interestingly, recruitment of PKA to B2AR and the beta-1 adrenergic receptor (B1AR) by the A-kinase anchoring protein (AKAP) family of scaffolds has been reported to enhance the resensitization of these receptors (36) (37) (38) (39) , although the mechanisms underlying this are unclear. B1AR and B2AR have been reported to have different trafficking itineraries and biochemical interactions, including with PDZ proteins (40) (41) (42) . In our experiments, B1AR was sorted into endosomal tubules marked by coronin, and PKA inhibition did not reduce the entry of B1AR into tubules and resulted in slightly increased B1AR recycling in a quantitative assay (Fig. S5) . This finding is consistent with our previous observations that a PDZ and actin association is sufficient for targeting GPCRs to endosomal recycling microdomains (15) . It is possible that scaffolding of larger complexes by AKAP plays a role in resensitizing receptors through convergent mechanisms, such as deubiquitination or conformational changes, or by facilitating PDZ interactions on the endosome. In addition, PKA can phosphorylate many components of the vesicle trafficking machinery (43, 44) . Nevertheless, direct modification of the cargo provides a way to selectively control the trafficking of physiologically relevant proteins like signaling receptors without modifying trafficking at a global level.
By restricting cargo to the actin-dependent pathway, this kinase switch also provides a potential mode for signaling crosstalk to change the sensitivity to signals. Given that actin assembly on endosomes is highly regulated by a specialized set of proteins, including Arp2/3 and WASH (15, 45, 46) , this provides an additional point of control for regulation of adrenergic recycling by other signaling pathways. In turn, dephosphorylation of B2AR by switching receptors out of this actin-dependent pathway may generate receptors that are insensitive to heterologous control by external signaling. Further analysis of other GPCRs that use the sequence-dependent recycling pathway and the kinases that modify them, with advanced imaging techniques as used in the present study, will refine our understanding of the mechanisms and significance of reprogramming of receptor trafficking in the context of homologous and heterologous regulation.
Materials and Methods
Reagents. Cell culture, constructs, and pharmacologic reagents have been described previously (15) and are discussed in detail in SI Materials and Methods.
Imaging. Live cell imaging was performed as described previously (15) and as detailed in SI Materials and Methods. Images acquired directly from the camera without adjustments were analyzed with ImageJ. Quantitation was performed double-blinded with scrambled file names. Simple statistical analyses were done in Microsoft Excel, and curve fits were done using GraphPad Prism. In vitro phosphorylation and signaling assays are described in SI Materials and Methods.
